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Abstract
Large eddy simulation was performed for two jets, i.e. a cold jet and its heated counterpart, with the same exit Mach number. The
far-ﬁeld noise was predicted by Kirchhoﬀ’s integral method based on the near-ﬁeld pressure ﬁelds on a controlled surface. The
directivity and intensity of the far-ﬁeld noise are found to be in good agreement with existed experiments. At polar angles Θ < 70◦,
heating enhances the noise intensity, while the noise intensity for the cold jet at angles Θ > 70◦ is higher. For the heated jet, the
potential core length is shorter, and radial spreading is much faster. Moreover, the peak locations of the ﬂuctuation intensity of
the velocity on the centreline and nozzle lip line move upstream in the hot jet, and more rapid decay occurs. Based on the mean
ﬂow of simulation, linear parabolized stability equations (LPSE) are solved to study spatial evolution of instability waves. In the
low-frequency range, m = 0 mode that absent in direct forcing is dominant in acoustic ﬁeld, but the peak of N-factor of m = 0 mode
predicted by LPSE is not the maximum. This should be associated with nonlinear interaction for instability waves with opposite
signs of m.
c© 2015 The Authors. Published by Elsevier Ltd.
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1. Introduction
Jet noise and its reduction are the crucial problems in the realm of aeroacoustics in the past sixty years. Noise
reduction is a diﬃcult task due to lack of enough understanding of noise generation mechanism. Aerodynamic noise is
commonly believed to be produced by large-scale coherent structure and ﬁne-scale turbulence. The former is the major
source that contributes to low-frequency aft-angle radiation[1]. It is known that the noise generation mechanism is
diﬀerent for subsonic and supersonic jets. For supersonic jets, the large-scale turbulence structures are able to produce
noise eﬀectively known as Mach wave radiation, while the noise sources in subsonic jets are less straightforward and
receive more attention recently.
Large-scale structures are often believed to be associated with Kelvin-Helmholtz instabilities in shear ﬂows. Both
in forced and natural jets, the instability waves in a subsonic round jet have been detected[2,3], even in high Reynolds
number jets. However, till now, it is still impossible to determine the precise relationship between sound and instability
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waves. A simple but somewhat eﬀective way is reveal such relationship is to investigate the ﬂow development and
noise generation in jets with inﬂow forced by instability waves. For instance, Suponitsky et al.(2010)[4] investigated
the linear and nonlinear mechanisms of sound radiation by instability waves for low Reynolds number jets, who also
found that low-frequency waves generated by nonlinear interactions act as more eﬃcient noise emitters. Till now,
many eﬀorts have been devoted to improve understanding, however, the true relationship remains ambiguous.
In this work, we focus on studying the ﬂow responses and noise generation in both cold and heated jets excited by
eigenmodes of instability waves. The ﬂow statistics, as well as the evolution of instability waves, will be compared
for the cold and heated jets, in order to understand the eﬀects of heating.
2. Methods and parameters
The Favre-ﬁltered Navier-Stokes equations in cylindrical coordinates (r, θ, z) are solved, which are discretized by
7-point dispersion-relation-preserving scheme in spatial directions and traditional fourth order Runge-Kutta scheme
in time direction. Non-reﬂecting boundary conditions are implemented surrounding the entire computational domain
in order to damp spurious reﬂecting waves, in combination of buﬀer zones. The governing equations and detailed
computational procedures have been introduced in our previous work[5].
Table 1. The setup of the computation. The subscript (·) j means the quantities in the core region, and (·)∞ denotes the far-ﬁeld quantities.
Case Uj/a∞ Uj/a j T j/T∞ Re = ρ jU jD/μ j
M08T086 0.83 0.9 0.86 105
M08T176 0.83 0.63 1.76 105
The subsonic cold (M08T086) and hot (M08T186) jets are simulated, whose parameters are listed in Table 1. Uj is
the jet velocity, r0 is the jet radius, D is the jet diameter, T is the temperature, Re is the Reynolds number and a is the
speed of sound. A hyperbolic-tangent inlet velocity proﬁle is chosen to represent the nozzle condition approximately,
which is given by
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where θ0 = 0.05r0 is the initial momentum thickness. ur and uθ are taken be zero, and the temperature proﬁle is
determined by the Crocco-Busemann relation.Perturbations are continuously applied in the inﬂow buﬀer to trigger the
vortex roll-up and break-down to turbulence. The disturbance has the form
q′(z, r, θ, t) = C
N∑
k=1
R{qˆk(r)ei(αk+mkθ−ωkt)} (2)
whereC is the total amplitude, qˆk(r) is the eigenfunction given by linear stability theory (LST), α is the axial wavenum-
ber, m is the azimuthal wavenumber. Here, m = ±1 ∼ ±4 have been employed, and six unstable Strouhal numbers
(S t = f D/Uj), spaced from 0.4 to 0.8 with an equal increment, are chosen for each m. N is the total number of modes
(N = 48). In addition, the far-ﬁeld noise is predicted based on a Kirchhoﬀ’s method[5].
3. Results and discussions
In this section, we will compare the quantities in the near and far ﬁeld, and discuss the inﬂuence of heating. Fig.1
shows the instantaneous vorticity magnitude ‖Ω‖ in the middle plane. In both cases, the initial ﬂow development
seems to be closely associated with the evolution of instability waves. As disturbances grow, the shear layer is
distorted and large-scale eddies appear, and smaller eddies are formed by their interactions. Then, turbulent mixing
begins and the ﬂow will evolve into fully developed turbulence eventually and then decay. The entire process displays
a typical laminar-turbulence transition in such forced jets. Though the general behaviors of the two jets look alike,
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Fig. 1. The magnitude of vorticity on the middle plane for cold and heated jet. (a) M08T086; (b) M08T176.
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Fig. 2. The axial proﬁles of the turbulent intensity u′z/Uj on the centerline (a) and nozzle lip line (b). Experimental results of ‘’
Ahuja et al[6], ‘’ Crow & Champagne[7], ‘’ Zaman[8] (the experimental data has been shifted by -3.5r0); M08T086, ——;
M08T176,− − −.
Fig. 3. Overall sound pressure levels versus diﬀerent observation angles Θ at a distance of 60 radii to jet oriﬁce.
clear diﬀerences can be identiﬁed. For instance, the structures in heated jet are more coherent, the spatial extent of the
eddy generated initially is greater, the rate of vortex break-down is faster and the potential core ends earlier.
Fig.2 presents the proﬁles of turbulent intensity u′z/Uj on the centerline and the nozzle lip line. In M08T176, the
ﬂuctuation intensity grows faster and attain its peak earlier in the core region, as well as in the shear layer, compared
with that in M08T086. In the core region, the peak value of M08T176 is higher than that of M08T086. Under current
conditions, the proﬁle of u′z/Uj of M08T086 seems to be in good agreement with experimental results of Ahuja et
al[6], Crow & Champagne[7] and Zaman[8], but the proﬁle of M08T176 attains a higher peak value at a upstream
axial location, similar to Bodony & Lele’s simulation[12]. This might be associated with the increased ampliﬁcation
rate by heating. As shown in Fig.2(b), the predicted peak values u′z/Uj of M08T176 and M08T086 are almost equal,
but the axial location of the peak moves upstream and the proﬁle around the peak is more ﬂatten. In turbulent mixing
region z > 9r0 , the hot jet has a lower turbulent intensity. This change would reduce the strength of quadruple sound
sources and weaken noise radiation of compact sources. In short, Fig.1 and 2 depict that the heating changes both the
mean ﬂow and turbulent intensity greatly, which would induce the diﬀerence in sound radiation.
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Fig. 4. The pressure levels on the cylindrical surface of R = 10r0 for diﬀerent frequency and azimuthal wavenumber. (a) S t = 0.2; (b) S t = 0.3.
—— m = 0 (M08T086); − − −− m = 1 (M08T086);  m = 0 (M08T176); ◦ m = 1 (M08T176).
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Fig. 5. The N-factor for two speciﬁed frequencies S t = 0.2 and 0.3 (a,b) M08T086; (c,d) M08T176. —-, m = 0; − − −,m = 1; − · −, m = 2.
In Fig.3, we compare overall sound pressure levels (OASPL) in our computations with experimental data[9–11].
Generally, the computed OASPLs for both jets are fall among experimental data with diﬀerences less than 3 dB. The
peak values of OASPL in both jets locate near the angle Θ = 30◦, in accordance with experimental observations. The
comparison of OASPLs for computed jets shows that the heating increases noise intensity at polar angles Θ < 70◦,
but reduces the noise intensity at angles Θ > 70◦. Refer to Ref.[1], we think that the heated jet has lower noise
intensities for angles Θ > 70◦ which might be attributed to the reduction of ﬂuctuation intensities in turbulent mixing
region (Fig.2). The increased core temperature intensiﬁes noise radiation at angles Θ < 70◦ and peak noise falls in the
frequency range S t = 0.2 ∼ 0.3, which should be related with the change of characteristics of instability waves and
vortical structures.
Fig.4 plots the pressure levels on a cylindrical surface of R = 10r0 for two speciﬁed low frequencies S t = 0.2 and
0.3. As we can see, the non-direct forcing mode m = 0 surpasses other higher m modes for both frequencies, and this
feature is unaﬀected by core temperature increasing. This point has also been observed in experiments of Cavalieri et
al[13], who found that sound radiation at low polar angles tends to be dominated by mode m = 0, especially at the
peak frequency. Comparing the proﬁle shapes in detail, we ﬁnd that heating alters the wave front pattern for speciﬁed
frequencies. For instance, as shown in Fig.4(b), the proﬁle shapes of m = 0 for the two jets are quite diﬀerent, in which
the shape in M08T176 is more complex and the sound radiation at high polar angles is stronger. The low-frequency
sound of m = 0 achieves dominance in sound ﬁeld that demonstrates more or less the importance of m = 0 instability
mode in the hydrodynamic region.
In the hydrodynamic region, the spatial ampliﬁcation of m = 0 mode originates from two major sources, one is
the linear growth of the disturbance, and the other is nonlinear interaction. Considering the non-parallelism of mean
ﬂow, linear parabolized stability equations (PSE) are solved and the N-factors (N =
∫ z
0 αidz) account for integrated
spatial ampliﬁcation of instability waves are computed, which are plotted in Fig.5. It is found that the spatial growth
of m = 0 for S t = 0.2 and 0.3 are weaker than modes m = 1 and 2, suggesting that the linear growth of m = 0 is not
dominant. On the other side, N-factors also demonstrate that the high energy of m = 0 mode should be produced by
nonlinear interaction, such as the interaction of two disturbances with opposite signs of m. Moreover, the shapes of N-
factors looks alike for the two jets, except for the amplitude, suggesting that the characteristic of linear growth remains
similar. The mode m = 0 generated by nonlinear interaction achieves dominance in both jets, indicates the importance
of nonlinear mechanisms of sound radiation[4] in present transitional jets to a certain extent. The diﬀerence in far-
ﬁeld noise between the cold and heated jet may also be attributed to the change of nonlinear mechanisms by heating.
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However, this point should be further justiﬁed, such as to build nonlinear models of sound sources based on PSE
solutions and predict the far-ﬁeld noise in comparison with simulation data.
4. Conclusion
The transitional jets with diﬀerent core temperatures are simulated, and far-ﬁeld noise is predicted as well. At polar
angles Θ < 70◦ to jet axis, heating intensiﬁes noise intensity, but reduces the noise radiation at high angles Θ > 70◦.
Heating accelerates the transition process, and reduces ﬂuctuation intensities in fully turbulent mixing region. In the
acoustic ﬁeld, m = 0 mode that is absent in direct forcing achieves dominance for low frequencies. By examining
the spatial growth of instability waves using linear PSE, it is found that m = 0 mode should be produced more by
nonlinear interaction rather than linear growth. The noise enhanced by heating at low polar angles might be attributed
to nonlinear mechanism of sound radiation. However, this point requires further justiﬁcation. To build nonlinear
models based on linear PSE solutions and then predict far-ﬁeld noise for comparison, which is a subject of research
in progress.
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